Here, we found that the activating receptor NKG2D specifically set the activation threshold for the activating receptor NCR1 through a process that required the adaptor DAP12. As a result, NKGD2-deficient (Klrk1 −/− ) mice controlled tumors and cytomegalovirus infection better than wild-type controls through the NCR1-induced production of the cytokine IFN-γ . Expression of NKG2D before the immature NK cell stage increased expression of the adaptor CD3ζ . Reduced expression of CD3ζ in Klrk1 −/− mice was associated with enhanced signal transduction through NCR1, and CD3ζ deficiency resulted in hyper-responsiveness to stimulation via NCR1. Thus, an activating receptor developmentally set the activity of another activating receptor on NK cells and determined NK cell reactivity to cellular threats.
N K cells detect and eliminate 'stressed' cells, for example, following infection or malignant transformation 1 . Because of their ability to respond without prior sensitization, activation of NK cells needs to be tightly regulated to ensure proper immunosurveillance while avoiding hyperactivity that may lead to inflammatory or autoimmune disorders. Proper responsiveness is mediated through an 'education' process during NK cell development 2 . After engagement of inhibitory receptors, NK cells gain full reactivity and develop tolerance toward self. NK cell responsiveness is further fine-tuned by continuous cues that mature NK cells encounter in the periphery. NK cell activation depends on a shift in the signaling balance between inhibitory and activating receptors. Under homeostatic conditions, inhibitory signals prevail when NK cells interact with peripheral tissues. In response to a cellular threat, host cells downregulate MHCI molecules and/or overexpress stress-induced or nonself-ligands. Upon encounter of 'stressed' target cells, a lack of signals through the inhibitory receptors and/ or increased stimulation of activating receptors shifts the balance toward NK cell activation 3 . The factors that control the bandwidth of the equilibrium between inhibitory and activating cues are not completely characterized.
NKG2D and NCR1 are activating receptors expressed on all NK cells. They primarily mediate tissue stress surveillance by recognizing stress-induced self-ligands on target cells 4 . NCR1 (NKp46) is the only member of the NCR family expressed in mice. The role of NCR1 and NKG2D in the control of tumors and infection is well documented 4, 5 . Beyond its effector functions 6 , NKG2D is expressed from the earliest precursors onward during NK cell development 7, 8 . NKG2D-deficient mice have bone marrow (BM) NK cell progenitors that have enhanced proliferation, faster maturation and augmented sensitivity to apoptosis 9 , indicating a role for NKG2D signaling in NK cell development. Moreover, as expected, NKG2D deficiency results in reduced NK cell responsiveness to target cells expressing NKG2D ligands 9, 10 . However, in response to specific activating stimuli, NKG2D-deficient NK cells display a hyper-reactive phenotype in terms of production of the cytokine IFN-γ 9, 11 and better control mouse cytomegalovirus (mCMV) infection compared to NKG2D-sufficient NK cells 9 . How NKG2D deficiency drives NK cell hyper-reactivity is unclear.
The activating receptors NCR1 and NKG2D require adaptors to convert signals into the cell. NKG2D associates with the adaptors DAP10 or DAP12 (ref. 12 ), and NCR1 docks the adaptors CD3ζ and Fcε Rγ 13 . DAP10 has a YxxM motif through which the PI3K and Grb2-Vav1-SOS1 are engaged 13 . CD3ζ , Fcε Rγ and DAP12 possess ITAM motifs, whose phosphorylation activates signaling proteins Syk and ZAP70, resulting in cytotoxicity and/or cytokine production 13 . It is commonly believed that adaptors with ITAM motifs only transduce activating signals. However, increasing evidence shows that they can also negatively impact signaling cascades [13] [14] [15] . How adaptors of activating NK cell receptors contribute to negative regulation of signaling is mostly unknown.
Here we demonstrate that NKG2D deficiency or blocking of NKG2D signaling early during NK cell development caused hyperreactivity of the NCR1 receptor, resulting in enhanced control of mCMV infection and tumors expressing NCR1 ligands. Deficiency of NKG2D or DAP12 resulted in downregulation of CD3ζ and ZAP-70 yet stronger signaling after NCR1 stimulation. Ablation of NKG2D in immature CD122 + NK1.1 + NCR1 + CD11b − c-Kit − NK cells completely abrogated the hyperactive phenotype of NK cells, indicating that this regulation occurs early during NK development.
Klrk1 −/− NK cells have specific hyper-reactivity through NCR1. To analyze the impact of NKG2D deficiency on target-cell engagement, we performed a conjugation assay with B16 melanoma 22 . We observed no difference in the amount of NK target cell complexes between C57BL/6 J and Klrk1 −/− NK cells ( Fig. 2a ). To test whether increased IFN-γ production in Klrk1 −/− NK cells resulted from enhanced signaling through activating receptors, we stimulated splenic NK cells from Klrk1 −/− mice or Klrk1 +/+ littermates through different activating receptors. Engagement of receptors NK1.1, DNAM-1, Ly49D or Ly49H by mAb or incubation of NK cells with IL-12 and IL-18 cytokines resulted in similar production of IFNγ in Klrk1 −/− and Klrk1 +/+ NK cells (Fig. 2b,c and Supplementary  Fig. 1j ). In contrast, stimulation with mAb against the NCR1 receptor resulted in a higher percentage of IFN-γ + Klrk1 −/− NK cells compared to IFNγ + Klrk1 +/+ NK cells (Fig. 2b,c) . NCR1 expression and stimulation-induced degranulation by mAb ( Fig. 2d ) were similar in Klrk1 −/− and Klrk1 +/+ NK cells. Thus, NKG2D-deficient NK cells show hyper-responsiveness to stimulation through the NCR1 receptor.
NCR1 is known to have a role in the control of B16 melanoma 23, 24 . Labeling with NCR1-Ig fusion proteins 25 showed high expression of NCR1 ligands on B16 cells ( Supplementary Fig. 1k ). To investigate whether NCR1 was involved in the enhanced tumor control by Klrk1 −/− mice, we used Ncr1 GFP/GFP mice, which are deficient in NCR1. Ncr1 GFP/GFP mice showed reduced survival in comparison to C57BL/6 J mice after i.v. injection of B16 melanoma cells ( Fig. 2e ). Klrk1 −/− mice showed better survival in comparison to C57BL/6 J controls, whereas Klrk1 −/− Ncr1 GFP/GFP mice had survival comparable to that of Ncr1 GFP/GFP mice ( Fig. 2e ). Depletion of NK cells by mAb abrogated any difference in survival between all mice ( Fig. 2e ). These results show that the enhanced tumor control in Klrk1 −/− mice is dependent on NCR1 engagement by NK cells.
Compared to C57BL/6 J mice, Klrk1 −/− mice have better control of MCMV infection ( Supplementary Fig. 2 ), which is NK cell dependent 9 . To test whether this effect was mediated through NCR1, we infected C57BL/6 J, Ncr1 GFP/GFP , Klrk1 −/− and Ncr1 GFP/GFP Klrk1 −/− mice with ∆m157 MCMV, a mutant strain of MCMV lacking ligand for NK cell receptor Ly49H. We used this MCMV strain to avoid the Ly49H-mediated control of viral replication, which may occlude the effects of NCR1 (ref. 26 ). Klrk1 −/− mice showed better control of ∆m157 MCMV in the spleen compared to all other mice, and this was lost after depletion of NK cells by mAb ( Fig. 2f ). These results show that the enhanced control of MCMV infection by NKG2D-deficient mice is dependent on NCR1 engagement by NK cells.
NKG2D sets NCR1 activation threshold during NK cell development.
During NK cell development, NKG2D is expressed from the Lin − CD117 dim Sca1 2+ Flt3L − CD127 + cells onwards, which represents the earliest NK cell committed precursor (pre-pro NK) 7 . Because NKG2D deficiency impacts development of NK cells in the bone marrow (BM) 9 as well as NK cells effector responses in the periphery 27, 28 , we asked whether the hyper-reactivity of Klrk1 −/− NK cells to NCR1 stimulation was acquired during development or later on in mature NK cells in the periphery. We crossed Klrk1 fl/fl mice with Ncr1 Cre mice ( Supplementary Fig. 3a ) to generate Ncr1 Cre Klrk1 fl/fl mice, in which Cre-mediated deletion of Klrk1 occurs in CD122 + NK1.1 + NCR1 + CD11b − c-Kit − NK cells 7, 29 . Spleen NK cells from Ncr1 Cre Klrk1 fl/fl mice showed comparable production of IFN-γ to Klrk1 fl/fl litermates after stimulation of NCR1 by mAb in vitro ( Fig. 3a ). We did not observe differences in survival between Ncr1 Cre Klrk1 fl/fl mice and Klrk1 fl/fl littermates after i.v. injection of B16 cells (Fig. 3b ). In contrast, a higher percentage of spleen NK cells from Klrk1 Δ/Δ mice, which had a germline deletion of Klrk1 and were generated from the cross between deleter (tg-cmv Cre ) 30 and Klrk1 fl/fl mice, produced IFN-γ to NCR1 stimulation by mAb Articles NATuRE ImmuNoloGy compared to C57BL/6 J control ( Supplementary Fig. 3b ). These results indicate that NKG2D sets the activation threshold for NCR1 developmentaly before CD122+ NK1.1+ NCR1+ CD11b− c-Kit− NK cells.
Next we tested whether NKG2D played a role during early NK cell development in a model independent of genetic modification of Klrk1. In Rag1 Cre EYFP Stop-Flox iDTR mice, all cells derived from Rag1 + hematopoietic precursors, including T cells, B cells and a large fraction of NK cells, expressed EYFP and dipheteria toxin receptor (DTR) upon Cre-mediated deletion of the transcriptional 'stop' sequence and can be eliminated by diphtheria toxin (DT) injection ( Supplementary Fig. 3c ). Rag1 Cre EYFP Stop-Flox iDTR mice were i.p. injected with DT on the first two consecutive days to deplete all NK cells originating from the Rag1 + precursors. To inhibit NKG2D signaling on all newly generated NK progenitors, the mice were treated from the second day onward with NKG2D-blocking mAb or isotype control ( Supplementary Fig. 3c ), and the receptor responsiveness of EYFP + NK cells was analyzed 2 weeks later. Spleen NK cells from Rag1 Cre EYFP Stop-Flox iDTR mice that had received i.v. NKG2Dblocking mAb showed increased IFN-γ production after stimulation of NCR1 but not following stimulation of NK1.1 or Ly49H by mAbs ( Fig. 3c ), indicating that NKG2D sets the activation threshold for NCR1 early in NK cell development.
These observations prompted us to analyze the impact of NKG2D deficiency on hematopoiesis. NKG2D deficiency does not affect hematopoietic stem cells or more differentiated precursors such as the common lymphoid and myeloid precursors 18, 31 (Fig. 3d ). However, there was a reduction in the number of BM Lin − CD117 dim Sca1 2+ Flt3L − CD127 + NK progenitors in Klrk1 −/− mice compared to Klrk1 +/+ littermates ( Fig. 3d ). Further analysis of NK cell development revealed an increase in percent- Fig. 3e and Supplementary  Fig. 4a ). To confirm the role of NKG2D in changing NK progenitors in a second model, we analyzed them in BM of Rag1 Cre EYFP Stop-Flox iDTR mice 15 d after DT injection and treatment with NKG2D-blocking mAb. Similar to Klrk1 −/− mice, we observed an increase in percentage of CD122 + NK1.1 + NCR1 − CD11b − c-Kit − and decrease of CD122 + NK1.1 + NCR1 + CD11b − c-Kit − NK progenitors compared to isotype control-treated Rag1 Cre EYFP Stop-Flox iDTR mice ( Fig. 3f ). Together, these results indicate a role of NKG2D in NK cell development at the time of NCR1 appearance on NK progenitors.
NKG2D-mediated NK cell-education differs from known mechanisms. NK cells that never expressed Rag1 during 
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NATuRE ImmuNoloGy development showed cell-intrinsic hyper-responsiveness in comparison to NK cells generated from Rag1 + progenitors 32 . We therefore asked whether NKG2D promoted NK cell development from a Rag1 + progenitor. We generated Klrk1 +/+ Rag1 Cre EYFP Stop-Flox and Klrk1 −/− Rag1 Cre EYFP Stop-Flox mice, in which expression of Rag1 was marked through the expression of EYFP. As shown previously 32 , we observed that a higher percentage of EYFP − NK cells from Klrk1 +/+ Rag1 Cre EYFP Stop-Flox mice were Klrg1 + and CD11b + compared to EYFP + NK cells ( Supplementary Fig. 4b ).
We made the same observations in Klrk1 −/− Rag1 Cre EYFP Stop-Flox mice ( Supplementary Fig. 4c ). However, there were no differences in percentages of EYFP + or EYFP − NK cells between 3g ). Furthermore, regardless of EYFP expression, NK cells from Klrk1 −/− Rag1 Cre EYFP Stop-Flox mice produced more IFN-γ than NK cells from Klrk1 +/+ Rag1 Cre EYFP Stop-Flox mice upon NCR1 stimulation by mAb, whereas responsiveness to NK1.1 was similar ( Fig. 3h ), indicating that NKG2D influences NCR1 signaling independently of the Rag-driven developmental pathway.
To investigate the role of Ly49-mediated education in NCR1 signaling, we compared the production of IFN-γ in Ly49I + to that in Ly49I − Klrk1 +/+ and Klrk1 −/− NK cells following NCR1 stimulation by mAb. Klrk1 −/− Ly49I + NK cells produced more IFN-γ in comparison to Klrk1 +/+ Ly49I − NK cells ( Fig. 3i ). However, Klrk1 −/− NK cells produced more IFN-γ compared to Klrk1 +/+ NK cells regardless of their Ly49I expression ( Fig. 3i ). Also, there was no difference in the frequency of Ly49I + NK cells between Klrk1 −/− and Klrk1 +/+ cells ( Supplementary Fig. 4d ). These observations indicate that the 
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threshold for the NKG2D-dependent activation of NCR1 is independent of Ly49-mediated education. SHP-1 plays a role in NK cell education, and SHP-1-deficient NK cells are hypo-responsive to MHCI-deficient transplants and tumors 33, 34 . To test whether SHP-1 played a role in the NKG2Dmediated education, we treated Klrk1 −/− and Klrk1 +/+ spleen NK cells in vitro with the SHP-1/2 inhibitor NSC-87877 (ref. 35 ) and then stimulated them through the NCR1 receptor by mAb. SHP-1/2 inhibition resulted in an increase of IFN-γ production in both Klrk1 −/− and Klrk1 +/+ NK cells. However, production of IFN-γ was higher in Klrk1 −/− NK cells compared to Klrk1 +/+ (Fig. 3i ), indicating that NKG2D sets the activation threshold for NCR1 independently of SHP-1/2.
The NKG2D-DAP12 signaling axis regulates NCR1 activity. To investigate the mechanism through which NKG2D regulates the activity of NCR1, we focused on the adaptors DAP10 and DAP12 (ref. 12 ). We used mice lacking either DAP10 (Hcst −/− ) or DAP12 (Tyrobp −/− ). There were no differences in the production of IFN-γ between C57BL/6J, Klrk1 −/− , Hcst −/− and Tyrobp −/− spleen NK cells after stimulation through NK1.1 by mAb (Fig. 4a ). Ly49H and Ly49D use DAP12 for signal transduction 13 . IFN-γ production from Tyrobp −/− , but not Klrk1 −/− or Hcst −/− NK cells was reduced compared to C57BL/6J NK cells after stimulation through these receptors (Fig. 4a) . Notably, after stimulation through NCR1, Tyrobp −/− , but not Hcst −/− , NK cells showed an increase in IFN-γ production compared to C57BL/6J controls, similarly to Klrk1 −/− NK cells (Fig. 4a ). Similar observations were made after NCR1 stimulation of spleen NK cells from Tyrobp −/− mice and Tyrobp +/+ littermates ( Supplementary  Fig. 5a ). When B16 cells were injected i.v. in Klrk1 −/− , Hcst −/− , Tyrobp −/− and C57BL/6J mice, Tyrobp −/− mice showed prolonged survival in comparison to Hcst −/− , C57BL/6J and even Klrk1 −/− mice (Fig. 4b) , indicating that signaling through DAP12 only was important for NK cell hyper-reactivity to NCR1 stimulation.
We next questioned whether the hyper-responsiveness of DAP12-deficient NK cells was specific for NKG2D or whether it was observed following deletion of any receptor that signals through this adaptor. When Klrk1 −/− , Ly49H −/− or C57BL/6J spleen NK cells were stimulated through NK1.1 or NCR1 by mAbs or with the cytokine IL-12, Ly49H −/− NK cells did not show increased IFN-γ production after any of these stimulations relative to C57BL/6J NK cells (Fig. 4c ). In mice, NKG2D has a long (L) and a short (S) isoform, of which only the latter associates with DAP12 (ref. 12 ). We therefore investigated whether NKG2D-S and DAP12 were expressed during early NK cell development in wild-type mice. qPCR in sorted CD122 + NK1.1 − NCR1 − CD11b − c-Kit − and CD122 + NK1.1 + NCR1 − CD11b − c-Kit − BM NK progenitors detected transcripts for the Tyrobp and short isoform of Klrk1, whose expression increased from CD122 Supplementary Fig. 5b,c) . Thus, the NKG2D-mediated control of NCR1 signaling occurs through the NKG2D-DAP12 axis early in NK cell development.
CD3ζ and ZAP-70 are involved in inhibition of NCR1 signaling.
Because NCR1 uses CD3ζ and Fcε Rγ for signal transduction 36 , we tested whether the NKG2D-DAP12 axis affects signaling through these adaptors. Flow cytometry analysis indicated that expression of CD3ζ was reduced in both Klrk1 −/− and Tyrobp −/− NK cells in comparison to C57BL/6J NK cells, whereas expression of Fcε Rγ was comparable in all groups (Fig. 5a,b and Supplementary Fig. 5d,e ). In addition, expression of ZAP-70, a signaling component downstream of CD3ζ , was reduced in Klrk1 −/− and Tyrobp −/− spleen NK cells relative to C57BL/6J NK cells, whereas expression of the Syk kinase, also downstream of CD3ζ , was comparable in all groups (Fig. 5a,b and Supplementary Fig. 5e ). Immunoblot analysis also showed reduced expression of CD3ζ and ZAP-70 in Klrk1 −/− spleen NK cells compared to C57BL/6 J NK cells (Fig. 5c ). In contrast, Ncr1 Cre Klrk1 fl/fl spleen NK cells had no alterations in the expression of CD3ζ or ZAP-70 compared to Klrk1 fl/fl NK cells (Fig. 5d ). Because CD3ζ -deficient mouse spleen NK cells are hyper-responsive to CD16 stimulation 15 , we asked whether NKG2D and DAP12 mediated the responsiveness of NK cells to CD16 engagement. Klrk1 −/− and Tyrobp −/− spleen NK cells showed enhanced IFN-γ production following CD16 stimulation compared to C57BL/6J NK cells ( Supplementary Fig. 5f ). As determined by qPCR, Cd247 or Fcre1g mRNA was similar in Klrk1 −/− and C57BL/6 J NK cells ( Fig. 5e ), suggesting altered posttranscriptional regulation. To identify candidates that might impact the expression of CD3ζ and/or ZAP-70, we compared the transcriptome of spleen CD3 − NK1.1 + NCR1 + NK cells from C57BL/6 J, Klrk1 −/− and Tyrobp −/− mice by RNA sequencing. Ninety-four genes were differentially expressed between C57BL/6 J and Klrk1 −/− NK cells, whereas expression of 543 genes was different between Tyrobp −/− and C57BL/6 J NK cells (Fig. 6a ). We performed qualified cluster analysis of genes differentially expressed in Klrk1 −/− NK cells versus C57BL/6 J cells on the basis of data mining of known proteinprotein interactions to establish a potential link with CD3ζ and/or ZAP-70 ( Supplementary Fig. 6a ). Next, we determined which of these genes showed a shared expression pattern between Klrk1 −/− and Tyrobp −/− mice (Fig. 6a,b) . Prf, encoding perforin, and Sla, encoding adaptor SLAP-1, were identified as potential candidates. Using flow cytometry analysis we did not detect a difference in perforin protein expression between Klrk1 −/− and C57BL/6J spleen NK cells (Fig. 6c ). SLAP-1 is known to target CD3ζ for degradation in thymocytes 37 . Sla transcripts were upregulated in Klrk1 −/− and Tyrobp −/− NK cells compared to C57BL/6J NK cells (Fig. 6b) . Cell surface expression of SLAP-1 on Klrk1 −/− NK cells was increased compared to C67BL/6J NK cells ( Fig. 6c and Supplementary  Fig. 6b ). In addition, expression of SLAP-1 in splenic EYFP + NK cells 
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from Rag1 Cre EYFP Stop-Flox iDTR mice 15 d after DT injection and treatment with NKG2D-blocking Ab was increased compared to EYFP + NK cells from DT and isotype-treated Rag1 Cre EYFP Stop-Flox iDTR mice (Fig. 6d ). Next, we asked whether SLAP-1 downregulates CD3ζ in NK cells. We observed increased expression of CD3ζ protein in spleen NK cells from Sla −/− mice 37 compared to wild-type controls, whereas expression of NCR1, Fcε Rγ , Syk and ZAP-70 were not affected ( Fig. 6e and Supplementary Fig. 6c ). Thus, NKG2D deficiency results in an increase of SLAP-1 protein in NK cells, which reduces the expression of CD3ζ . In thymocytes, CD3ζ and ZAP-70 mediate activation upon TCR stimulation, but they are also important for the shutdown of signal transduction through recruitment of proteins involved in proximal negative feedback mechanisms 15, 38 . We therefore asked whether NCR1 stimulation in Klrk1 −/− cells results in enhanced proximal signaling. Phosphorylation of Syk, the kinase directly downstream of Fcε Rγ , was both increased and prolonged in Klrk1 −/− NK cells after NCR1 stimulation by mAbs compared to Klrk1 +/+ NK cells (Fig. 6f) . Similar observations were made in Tyrobp −/− cells ( Fig.  6g and Supplementary Fig. 6d ). Importantly, phosphorylation of PLC-γ , which is a target of Syk, was prolonged in Klrk1 −/− NK cells compared to Klrk1 +/+ NK cells, whereas maximal phosphorylation of PLC-γ was only slightly increased (Fig. 6h) , indicating a reduced negative feedback loop in proximal NCR1 signaling. Finally, we asked whether CD3ζ deficiency resulted in hyper-responsive NK cells. Cd247 −/− spleen NK cells produced more IFN-γ after stimulation through the NCR1 receptor by mAb, but not through NK1.1, Ly49H or Ly49D, compared to C57BL/6 J spleen NK cells (Fig. 6i) , indicating a role for CD3ζ in the negative regulation of NCR1 signaling. NCR1 expression was similar in all the cells analyzed ( Supplementary Fig. 6f ). As such, NKG2D sets an activation threshold for the NCR1 receptor by increasing CD3ζ protein and by lowering expression of SLAP-1 during NK cell development.
Discussion
Here we show that NKG2D sets activation threshold for NCR1 early in NK cell development, which determines the sensitivity of NK cells to cellular targets expressing NCR1 ligands. This process operates through a NKG2D-DAP12 signaling axis that drives downregulation of CD3ζ and ZAP-70, involved in negative regulation of NCR1 signaling. Thus, we identified a developmental NK cell regulation, distinct from previously described mechanisms of education in which one activating receptor regulates the activity of another activating receptor.
Our results indicated that the role of NKG2D in the regulation of NCR1 activation was mediated by DAP12. Although we did not 
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formally show that NKG2D and DAP12 were directly engaged to mediate their regulatory role during NK cell development, the absence of a hyper-responsive phenotype in Ly49H-deficient mice makes it highly unlikely that these two molecules have an identical yet independent effect. The role of DAP12 in setting activating thresholds does not appear to be unique to NK cells. DAP12deficient mice have macrophages 39 and pDCs 40 that produce higher amounts of cytokines after TLR stimulation in comparison to 
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wild-type mice. The mechanism by which DAP12 sets activation thresholds in these cells is unknown, but it may be similar to the NKG2D-mediated regulation in NK cells. Because human NKG2D does not bind to DAP12, our findings can not be directly extrapolated. However, several KIRs signal through DAP12 (refs [41] [42] [43] [44] ). It has been shown that activating KIRs downmodulate human NK cell-responsiveness in individuals carrying self ligands 43 . It will therefore be interesting to see whether regulation of NKp46 activation thresholds in humans is regulated through NKG2D or through Dap12-binding KIRs.
Our data indicated the involvement of CD3ζ and ZAP-70 in the negative regulation of NCR1 signaling. NK cells from CD3ζ -deficient mice had higher production of IFN-γ after stimulation through the NCR1 receptor. These observations are in line with reports of an important role for CD3ζ and ZAP-70 in the negative regulation of signaling in T cells 38, 45 and NK cells 15 . Following T cell receptor engagement, CD3ζ -ZAP-70 recruit ubiquitinase Nrdp3 and phosphatases Sts-1 and Sts-2, which dephosphorylate ZAP-70 and cause cessation of the activating signal. Deficiency for Nrdp3, Sts-1 and Sts-2 causes prolonged signal transduction 46 . We observed that Klrk1 −/− mice had delayed signal inhibition following NCR1 stimulation, especially at the level of PLC-γ phosphorylation. Thus, we propose that a reduction in expression of CD3ζ -ZAP-70 causes impaired recruitment of factors that terminate the activating signal directly downstream of the NCR1 receptor. Although a direct interaction between CD16 and CD3ζ has only been shown in human cells, deficiency of CD3ζ or DAP12 causes hyper-reactivity in murine NK cells in response to CD16 stimulation 15, 47 . We saw increased production of IFN-γ in Klrk1 −/− NK cells after stimulation through the CD16 receptor, suggesting that NKG2D may also regulate the responsiveness of CD16.
Chronic exposure to NKG2D ligands can result in cross-tolerance of multiple distinct NK cell activation pathways 27, 28 . In addition, weak signaling through NKG2D leads to reduced activity of NK cells, which can be circumvented by administration of soluble high-affinity ligands 28 . However, peripheral 'desensitization' through NKG2D generates a general hyporesponsiveness of NK cells to activating stimuli. Therefore, the developmental and peripheral regulation of activation thresholds by NKG2D appear to use distinct molecular mechanisms.
The NKG2D-mediated 'education' of NCR1 is distinct from previously described mechanisms. Education through molecules such as Ly49 receptors 2 or via modification of the SHP phosphatases 33 results in a general hyporesponsiveness to activating stimuli. The impact of NKG2D-mediated education, in contrast, appears restricted to NCR1. Importantly, we identify a temporal window in which NKG2D permanently controls NCR1 responsiveness. Deletion of Klrk1 from the CD122 + NK1.1 + NCR1 + CD11b − c-Kit − NK progenitors onward did not cause NK cell hyperresponsivenes to NCR1 as was the case in mice with germline deletion of Klrk1. Ly49 molecules are expressed from the CD122 + NK1.1 + NCR1 + CD11b − c-Kit − NK progenitors onward. Indeed, lack of Ly49H, which also signals through DAP12, did not result in NK cell hyperresponsiveness to NCR1. How permanent regulation of CD3ζ expression by NKG2D signaling at a highly restricted stage of NK cell development is accomplished mechanistically remains unclear. Our data suggest that post-transcriptional regulation of CD3ζ . RNA-seq analysis revealed Sla as a candidate involved in this process. Sla encodes SLAP-1, an adaptor that targets CD3ζ for ubiquitin ligase c-Cbl-dependent degradation following receptor activation 37 . NKG2D deficiency, or blocking of NKG2D during NK cell development, caused a permanent increase in Sla gene expression, implying increased degradation of CD3ζ and subsequently altered signal transduction through NCR1. Indeed, SLAP-1-deficient NK cells expressed higher amounts of CD3ζ . CD244, another NK activating receptor expressed on multipotent hematopoietic progenitors 48 , was shown to regulate immune cell function through epigenetic silencing of chromatin regions 49 . Although methylation analysis of the Sla locus in Klrk1 −/− NK cells did not reveal differences compared to wild-type NK cells (unpublished data by T.D.H. and Y.C.B.), this does not exclude another ways of epigenetic regulation of Sla expression.
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Data analysis
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